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Cell deathThe formation of supernumerary digits, or polydactyly, is a common congenital malformation. Although
mutations in a number of genes have been linked to polydactyly, the molecular etiology for a third of human
disorders with polydactyly remains unknown. To increase our understanding of the potential causes for
polydactyly, we characterized a spontaneous chicken mutant, known as Dorking. The hindlimbs of Dorkings
form a preaxial supernumerary digit. During the early stages of limb development, ectopic expression of
several genes, including Sonic Hedgehog (Shh) and Fibroblast Growth Factor 4 (Fgf4), was found in Dorking
hindlimbs. In addition to ectopic gene expression, a decrease in cell death in the anterior of the developing
Dorking hindlimb was observed. Further molecular investigation revealed that ectopic Fgf4 expression was
initiated and maintained independent of ectopic Shh. Additionally, inhibition of Fgf signaling but not
hedgehog signaling was capable of restoring the normal anterior domain of cell death in Dorking hindlimbs.
Our data indicates that in Dorking chickens, preaxial polydactyly is initiated independent of Shh.
© 2009 Elsevier Inc. All rights reserved.Introduction
Polydactyly, the most frequent congenital hand malformation
observed in humans, has a prevalence between 5 and 19 per 10,000
live births, (Sesgin and Stark, 1961; Zguricas et al., 1999). Over one-
hundred clinically distinct disorders have polydactyly as a symptom
and, approximately two-thirds have an unidentiﬁed molecular cause
(Biesecker, 2002). A more complete understanding of polydactyly
relies on a better understanding of limb development and the etiology
of this disorder.
Outgrowth and the initial steps of limb patterning are controlled
by at least two classically described signaling centers: the zone of
polarizing activity (ZPA) and the apical ectodermal ridge (AER)
(Saunders, 1948; Saunders and Gasseling,1968). The ZPA is a posterior
portion of mesenchyme, which when transplanted to the anterior of a
host limb produces mirror image duplications (Saunders and Gassel-
ing, 1968). The molecule responsible for mediating ZPA activity has
been identiﬁed as SHH. Further, implantation of a source of SHH
protein in the anterior of a developing limb bud induces the formation
of preaxial extra digits (Riddle et al., 1993).
The AER is a distal portion of the ectoderm, which is required for
limb outgrowth (Saunders, 1948). One of the primary functions of the
AER is to express Fibroblast growth factors (FGFs) [reviewed in
(Martin, 1998)]. The requirement for AER-FGFs has been demon-
strated by placing FGF soaked beads on the distal end of limbs inl rights reserved.which the AER had been removed. In these experiments, FGF protein
sustained limb outgrowth (Fallon et al., 1994; Niswander et al., 1993).
Genetic removal of two of the four FGFs expressed in the mouse AER
results in limb truncation (Boulet et al., 2004; Sun et al., 2002). Recent
studies indicate that the AER-FGFs are functionally equivalent, and
differences in expression level, timing of expression and receptor
afﬁnity make the AER-FGFs unique during limb patterning (Lu et al.,
2006; Mariani et al., 2008).
Identiﬁcation and characterization of the molecules required for
ZPA and AER function have indicated that these genes are involved in a
feedback loop. For example, expression of three of the four
ectodermally expressed FGFs in mouse require Shh for their
maintenance (Chiang et al., 1996; Sun et al., 2000), while removal of
multiple FGFs from the AER results in a loss of Shh (Mariani et al.,
2008; Sun et al., 2002). Interestingly, SHH is capable of inducing
expression of Fgf4. For example, placement of a source of SHH in the
anterior of the limb bud causes Fgf4 to expand anteriorly in the AER
(Laufer et al., 1994; Niswander et al., 1994). The coordinated
regulation of gene expression between the AER and the underlying
mesenchyme provides a mechanism for integrating patterning along
multiple axes of development (Niswander, 2002). Also, coordinate
regulation provides a mechanism for the termination of gene
expression (Scherz et al., 2004; Verheyden and Sun, 2008).
Changes in expression of Shh and Fgfs can be used to describe the
etiology of many of the characterized cases of polydactyly. Several
mutants with preaxial polydactyly have been identiﬁed in which
anterior expression of Shh occurred. Additionally, these mutants with
preaxial polydactyly have been shown to have Fgf4 ectopically
expanded anteriorly in the AER (Chan et al., 1995; Masuya et al.,
Fig. 1. Dorking chicken hindlimbs have an ectopic preaxial digit II. (A, B) Digital images
were taken of wild type (A) and Dorking (B) hindlimbs. In A and B, Digits are numbered
according to location. An asterisk denotes the presence of an ectopic digit; “Sp” denotes
the location of a spur (keratinous outgrowth), which is present in the hindlimbs of the
Dominique roosters (wild type; see Materials and methods). Insets in A and B are of the
adult wild type Dominique and Dorking chicken, respectively. Skeletal preparations
performed on wild type (C) and Dorking (D) HH36 hindlimbs. Limbs are oriented with
the most anterior digit at the top of the panel. In C and D, digit numbers have been
assigned according to phalanx number. The ectopic Dorking digit present in panel D
resembles a digit II since it has 3 phalanges and is fused to the hallux.
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revealed that two of these mutants, Hemimelic extra toes and
Sasquatch, had mutations in an enhancer element upstream of the
Shh locus resulting in ectopic anterior expression of Shh (Lettice et
al., 2003; Lettice et al., 2002).
The goal of the present study was to use the Dorking breed of
chickens to identify molecular pathways responsible for polydactyly
in vertebrates. Differences in Shh and Fgf expression in addition to cell
death were found in Dorking hindlimbs when compared to wild type.
By taking advantage of the in ovo development of chickens, we
uncovered a molecular mechanism inwhich polydactyly was initiated
independently of ectopic Shh.
Materials and methods
Embryo collection
Dorkings and Dominique chickens used for this study were
maintained according to common standards and practices at
Morningside Nature Center (Gainesville, Florida). Dominique chickens
have a normal number of digits and were used as wild type controls
for gene expression and cell death analysis. Photographs of live
roosters were taken on-site with a Nikon Coolpix 7900 digital camera.
Eggs were collected every morning by the staff at Morningside Nature
Center and stored at room temperature for no longer than a week. In
the lab, eggs were incubated at 37 °C with supplemental water for
humidity. Prior to harvest, eggs were fenestrated with blunted forceps
and staged according to the staging guide published by Hamburger
and Hamilton (HH) (Hamburger and Hamilton, 1951).
Skeletal preparation
For skeletal preparation, HH stage 36 embryos were collected and
ﬁxed overnight in 4% formaldehyde in PBS. After evisceration,
embryos were incubated in an alcian blue staining solution (70%
Ethanol, 30% Acetic Acid and 0.02% w/v Alcian Blue) for 1–2 days.
Embryos were then cleared overnight in 0.5% KOH before being stored
in 80% glycerol. After embryos were cleared, phalanges were counted
to determine digit identity.
Whole mount RNA in situ hybridization
Harvested embryos were incubated overnight in 4% formaldehyde
at 4 °C. In situ hybridization was performed as described previously
(Wilkinson, 1992). Plasmids for generating the following riboprobes
have been previously described: Shh (Roelink et al., 1994), Ptc1
(Marigo et al., 1996b), Bmp2 (Francis et al., 1994), Fgf4 (Niswander et
al., 1994), Gli1 (Marigo et al., 1996a), HoxD13 (Izpisua-Belmonte et al.,
1991) and Fgf8 (Crossley et al., 1996). Plasmid for generating Sp8
riboprobes was constructed by RT-PCR using the following primers:
F 5′-ACCTGCAACAAGATCGGC and R 5′-TCCATGAGGTGCTGCCC.
RNA Isolation, cDNA synthesis and RT-PCR
Two independent pools of Dorking tissue and one pool of wild
type tissue each consisting of limbs from 10 HH stage 21 embryos
were collected. Brieﬂy, trisected limbs were harvested into ice-cold
TRIzol reagent (Invitrogen, Carlsbad, CA). RNA was isolated according
to the manufacturer's protocol. cDNA was synthesized from 2 μg of
total RNA using AMV reverse transcriptase (Roche Applied Science,
Indianapolis, IN) and oligo dT oligonucleotides. Equal quantities of
cDNA were used in each RT-PCR reaction. The primers used for
RT-PCR were as follows: Shh (F 5′-CGGGAGCTGACAGACTGATG, R 5′-
CTGATTTCGCTGCCACTGAG), Fgf4 (F 5′-GCGACTACCTCCTGGGCATC,
R 5′-CCGTTTTTGCTCAGGGCTATG) and GAPDH (F 5′-GACGGCAGGTAT-
TAGTTCAAGG, R 5′-ACCATCAAGTCCACAACACGGTTGCTG).LysoTracker and drug treatments
For LysoTracker (Molecular Probes L-7528) analysis, embryos
were harvested into PBS and incubated with 5 μl/ml LysoTracker
solution in PBS at 37 °C for 30 min. After staining, embryos were
rinsed in PBS, ﬁxed in 4% formaldehyhde in PBS overnight at 4 °C and
placed into 100% methanol at −20 °C for long-term storage.
Cyclopamine (Sigma Alderich) was dissolved in 45% HBC as described
previously (Incardona et al., 1998). Cyclopamine was administered by
separating the amnion adjacent to the hindlimbs using forceps.
Sterile pipettes were used to direct 5 μl of HBC or HBC plus
cyclopamine (1 mg/mL) onto the hindlimbs of HH23 Dorking
embryos. Embryos were then allowed to develop for 20 h at 37 °C
and harvested. SU5402 (Merck Chemicals Ltd., Nottingham) was
dissolved in DMSO. Ag 1-X2 (Bio-Rad Laboratories, Hercules, CA)
formate-derived beads were incubated in SU5402 (10 mM) or DMSO
(control) alone for 1 h. Beads were then implanted in the anterior of
HH24 Dorking hindlimbs for 10 h at 37 °C. The proportion of drug
treated limbs similar to control treated limbs was compared using a
z-score. A priori statistical signiﬁcance was set at a level of 0.05,
and all tests were two-sided.
Results
Dorking chickens have partially penetrant preaxial polydactyly in the
hindlimb but not in the forelimb
Polydactyly in Dorkings has been previously reported to exhibit a
dominant mode of inheritance with variable penetrance (Punnett and
Pease, 1929). An outcross of our population conﬁrmed the dominance
of the Dorking phenotype with 92% (n=12) of offspring showing
polydactyly. To characterize the hindlimbs of Dorkings (Figs. 1A, B),
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staining of hindlimbs revealed that Dorking autopods had a preaxial
ectopic digit (Figs. 1C, D). The extra digit was typically fused to the
base of the hallux, or ﬁrst digit ray.
The digits of chicken hindlimbs each have a distinct number of
phalanges. By counting the phalanges of a digit ray, identity can be
inferred. In the chicken hindlimb, the most anterior digit, digit I, has
two phalanges while digit II has three phalanges; this pattern
continues through digit IV, which has ﬁve phalanges. To further
characterize the extra digits in Dorking hindlimbs, the phalanges of
the extra digit were counted and compared to wild type (Figs. 1C, D
and Table 1).
To address the issue of variable penetrance, 35 Dorking embryos
were analyzed. In Dorkings, 81% (n=70) of hindlimbs had some
degree of polydactyly with no defect observed in any of the forelimbs
analyzed (n=70). Of the hindlimbs containing an extra digit, 70%
(n=70) resembled a digit II (three phalanges were visible). In
instances when a digit II did not occur, ectopic digits resembled a digit
I (10%; 7/70 limbs), or a “blip” (1.4%; 1/70 limbs). Finally, of the 70
hindlimbs analyzed, 19% (n=70) showed no polydactyly and
resembled wild type limbs (summarized in Table 1). In addition to
providing data speciﬁc to our population, these data conﬁrm previous
observations made 80 years-ago regarding the penetrance of Dorking
polydactyly (Punnett and Pease, 1929).
Ectopic hedgehog signaling occurs in the anterior of late stage
Dorkings hindlimbs
To determine if ectopic hedgehog signaling was present in Dorking
embryos, Shh expression was examined using whole mount RNA in
situ hybridizations. From HH21 to HH25, normal posterior expression
of Shh was observed in all Dorkings (Figs. 2A, B and data not shown).
However at HH26, a small region of ectopic Shh was detected in the
anterior of Dorking hindlimbs (Figs. 2C, D). In HH26 hindlimbs, 70%
(n=10) contained ectopic Shh expression. No abnormal Shh expres-
sion was observed in the forelimb at any stage examined (data not
shown).
To investigate if the Shh present in the anterior of Dorking
hindlimbs was activating the hedgehog signaling pathway, we
examined expression of Ptc1 and Bmp2, targets of hedgehog signaling
(Laufer et al., 1994; Marigo et al., 1996b). At HH21, normal Ptc1
expression was observed (Figs. 2E, F). In the Dorking hindlimb at
HH25, one stage prior to visible ectopic Shh expression, ectopic Ptc1
was observed (Figs. 2G, H). Similar to that observed for Ptc1, normal
expression of Bmp2 was detected at HH21 (Figs. 2I, J). At HH26, when
ectopic Shh was ﬁrst observed, Bmp2 was ectopically expressed in the
anterior of Dorking hindlimbs (Figs. 2K, L). Additional targets of the
hedgehog pathway, Gli1 and HoxD13, were also ectopically expressed
at HH26 (See Supplementary Fig. 1). These data demonstrated thatTable 1
Summary of skeletal phenotypes among 35 Dorking incross progeny.
Individuals
observed
Both legs with extra digit 2sa 23
Both legs with extra digit 1sb 2
One leg with extra digit 2a, one leg extra digit 1b 2
One leg with extra digit 2a, one leg with no extra digit 1
One leg with extra digit 1b, one leg with no extra digit 1
One leg with extra blebc, one leg with no extra digit 1
No extra digits on either leg 5
Total number of limbs
Percent of the total
a A digit II was deﬁned as a supernumerary digit with three cartilaginous condensations.
b A digit I was deﬁned as a supernumerary digit with two cartilaginous condensations.
c A bleb was deﬁned as a singular supernumerary condensation of cartilage.Shh and hedgehog target genes were ectopically expressed in Dorking
hindlimb mesenchyme.
Gene expression in the AER is expanded in Dorking hindlimbs
Fgf4 is normally restricted to the posterior region of the AER,
however, anterior expansion of Fgf4 has been observed previously in
several mutants with preaxial polydactyly (Masuya et al., 1995;
Sharpe et al., 1999). Analysis of Dorking hindlimbs by whole mount
RNA in situ hybridization at HH21 revealed that Fgf4 was anteriorly
expanded in Dorking hindlimbs (Figs. 2M, N). By stage HH25, Fgf4
expression ceased in wild type embryos, however, Fgf4 expression
persisted in Dorking hindlimbs (Figs. 2O, P).
A second FGF, Fgf8, has also been shown to be expanded in mouse
mutants with polydactyly (Yada et al., 2002). An analysis of wild type
and Dorking limb buds demonstrated that Fgf8 and Sp8, an activator
of Fgf8 (Bell et al., 2003; Kawakami et al., 2004), were slightly
expanded in the anterior of Dorking hindlimbs (See Supplemental
Fig. 1). These data suggest that, in addition to anterior expansion of
Fgf4, the overall length of the AER was expanded in Dorkings.
Ectopic Fgf4 precedes ectopic Shh in Dorking hindlimbs
In situ hybridization data suggested that in Dorking hindlimbs
ectopic Fgf expression preceded ectopic expression of Shh and
hedgehog target genes by 5 HH stages (approximately 24 h). One
limitation of RNA in situ hybridization is that this technique cannot
detect low levels of gene expression. To conﬁrm that ectopic Fgf4
expression in Dorking hindlimbs preceded ectopic Shh, we used RT-
PCR, a more sensitive technique, to detect Fgf4 and Shh expression in
Dorking limbs. Dorking and wild type hindlimb or forelimb buds at
HH21 were removed and trisected into anterior, middle and posterior
segments (Fig. 3A). The middle portion of the limb was discarded and
gene expression in the anterior and posterior segments was analyzed.
In all posterior pools analyzed at HH21, both Shh and Fgf4 were
present (Fig. 3B). In anterior cDNA pools made from either wild type
or Dorking forelimbs, neither Shh nor Fgf4 was detected. In the
hindlimb, cDNA from the anterior of wild type limb buds expressed
neither Fgf4 nor Shh transcripts. However, in the Dorking hindlimb
Fgf4 but not Shh was detected in the anterior limb bud (Fig. 3B).
These data conﬁrmed our in situ hybridization experiments and
indicated that Fgf4 was ectopically expressed in the anterior of
Dorking hindlimbs prior to Shh expression.
Extended expression of Fgf4 in the Dorking hindlimb is maintained
independent of hedgehog signaling
In Dorking hindlimbs we have demonstrated that Fgf4 exhibits a
temporal shift in expression. Cyclopamine is a steroidal alkaloid,Number of
digit IIsa
Number of
digit Isb
Number
of blebsc
No extra
digit
46 0 0 0
0 4 0 0
2 2 0 0
1 0 0 1
0 1 0 1
0 0 1 1
0 0 0 10
49 7 1 13
70% 10% 1.4% 18.6%
Fig. 2. Ectopic hedgehog signaling and Fgf expression occurs in the Dorking hindlimb. (A–P)Whole mount RNA in situ hybridizations using riboprobes against Shh (A–D), Ptc1 (E–H),
Bmp2 (I–L) and Fgf4 (M-P) on Dorking and age-matched wild type hindlimbs. At HH21 (A, B, E, F, I, J, M and N), comparison of gene expression in wild type and Dorking hindlimbs
indicated that only Fgf4 was ectopically expressed (arrow in N). At HH26 Shh was ectopically expressed in the anterior hindlimb (arrow in D). At HH25, the hedgehog signaling
pathway target genes Ptc1 (G, H) and Bmp2 (K, L) were ectopically expressed in the anterior hindlimb. At this stage, Fgf4 is not normally expressed inwild type hindlimbs (O) but was
found to remain in Dorking hindlimbs (P). Shhwas not observed to be ectopically expressed prior to HH26 in Dorking hindlimbs (see text for details). Anterior is towards the topwith
the ventral side of the limb exposed in all panels except for the inserts (O, P), which are end-on views of the hindlimb with anterior towards the top. Arrows (D, H, L, N) indicate
ectopic gene expression and arrowheads (P) denote extended Fgf4 gene expression.
136 C.M. Bouldin, B.D. Harfe / Developmental Biology 334 (2009) 133–141which inhibits hedgehog signaling by blocking Smoothened (Smo)
(Chen et al., 2002; Incardona et al., 1998). To determine if extended
Fgf4 expression in Dorking hindlimbs required Shh, hedgehog
signaling was inhibited in Dorking hindlimbs using cyclopamine.
Treatment of Dorking limbs with cyclopamine resulted in a reduction
in Ptc1 expression in the hindlimb (5/6 limbs) whereas none of the
mock treated limbs (0/8 limbs) showed reduced Ptc1 expression
(Figs. 3C–F). These results indicated that our treatment method
was capable of blocking hedgehog signaling in Dorking hindlimbs
(p=0.002).
Analysis of different limbs treated in an identical manner revealed
that Dorking limbs retained ectopic Fgf4 expression both after
treatment with cyclopamine (12/15 limbs) and HBC (8/11 limbs;
Figs. 3G–J). Comparison of these proportions revealed that the
differences were not statistically signiﬁcant (p=0.69). The treatment
of wild type limbs with cyclopamine at a stage when Fgf4 was
expected to be expressed resulted in a loss of Fgf4 (p=0.011; data not
shown). These data indicated that prolonged maintenance of Fgf4expression in the AER of Dorking hindlimbs did not require hedgehog
signaling.
Cell death is decreased in the anterior necrotic zone of the
Dorking hindlimb
Loss of programmed cell death has been observed in chickens with
polydactyly (Dvorak and Fallon, 1991; Hinchliffe and Ede, 1973). To
investigate apoptosis in Dorking hindlimbs, we used LysoTracker Red,
an acidotropic dye that accumulates in the lysosomes of apoptotic
cells and phagocytic cells engulﬁng apoptotic cells (Zucker et al.,
1999). Analysis of the anterior necrotic zone (ANZ) of Dorking
hindlimbs after staining by LysoTracker Red revealed that Dorking
hindlimbs had a reduced domain of cell death (Figs. 4A–D).
To conﬁrm the observed decrease in cell death, we performed
whole mount RNA in situ hybridizations using a riboprobe against
Dkk1. Dkk1 is a Wnt antagonist, which is spatially and functionally
associated with programmed cell death in the developing limb
Fig. 3. Ectopic Fgf4 expression in the Dorking hindlimb precedes and is independent of ectopic Shh. (A) Schematic diagram of the strategy used to isolate RNA from forelimbs and
hindlimbs. Limbs were trisected and RNA pooled from the anterior (A) and posterior (P) regions of the limb bud (see Materials and methods). The middle portionwas discarded. (B)
PCR analysis of Fgf4 and Shh expression in the anterior and posterior of Dorking and wild type fore- and hindlimbs demonstrated that Fgf4was expressed in the anterior region of the
Dorking hindlimb (noted by an asterisk) prior to Shh expression. GAPDH was used as a loading control. (C–J) Cyclopamine treatment of hindlimbs followed by whole mount RNA in
situ hybridization. Untreated wild type (C and G) and Dorking (D and H) hindlimbs revealed Ptc1 and Fgf4 expression (Dorkings normally have ectopic Ptc1 expression in the anterior
hindlimb; see arrow in D and Fig. 2H). Dorking hindlimbs mock treated with 45% HBC (E and I) showed ectopic Ptc1 and Fgf4 expression (arrows), while Dorking limbs treated with
45% HBC plus cyclopamine (F and J) lost Ptc1 expression in 100% (n=6) of limbs analyzed but retained ectopic Fgf4 expression in 86% (n=14) of limbs analyzed (arrow in J).
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Dorking hindlimbs revealed that transcripts were down-regulated in
the anterior necrotic zone compared to age-matched wild type limb
buds (Figs. 4E–H). The decrease in Dkk1 expression was consistent
with a loss of cell death in the ANZ in Dorking hindlimbs.
Inhibition of ectopic Fgf but not hedgehog signaling in the Dorking
hindlimb can rescue the reduction of cell death present in the anterior
necrotic zone
Increases to the amount of both FGF and SHH in the anterior of a
developing limb have been shown to inhibiting cell death in the
anterior necrotic zone (Montero et al., 2001; Sanz-Ezquerro and
Tickle, 2000). To separate whether ectopic activation of the Fgf or Shh
signaling pathway played a role in changes to cell death in Dorking
hindlimbs, each pathway was independently inhibited followed by an
analysis of cell death. After inhibition of hedgehog signaling with
cyclopamine, 10 of 12 limbs analyzed (83%) had a domain of cell death
that was comparable to Dorkings (Figs. 5A–D). The number of limbswith a Dorking-like domain of cell death after cyclopamine treatment
was similar to untreated limbs (see Table 2). These data indicate that
inhibition of Shh signaling in Dorking hindlimbs is not capable of
restoring a normal domain of cell death.
To determine if FGF signaling was required to block cell death in
the anterior necrotic zone of Dorking hindlimbs, SU5402, a small
molecule inhibitor that inhibits all FGF signaling by blocking tyrosine
phosphorylation of FGF receptors was used (Mohammadi et al., 1997).
Inhibition of anterior FGF signaling in Dorking hindlimbs resulted in
an increase in the domain of cell death in 50% (n=10) of limbs
analyzed (Figs. 5E–H). In limbs that had rescued cell death, an increase
in LysoTracker staining was observed directly over the SU5402 coated
bead. Treatment with a DMSO soaked bead resulted in a Dorking
expression pattern in 100% (n=7) of limbs analyzed. These data
indicated that treatment with SU5402 had a signiﬁcant effect on cell
death in the developing Dorking hindlimb (p=0.019) and suggests
that increases in FGF signaling but not hedgehog signaling are capable
of inhibiting cell death in the anterior necrotic zone of Dorkings
hindlimbs.
Fig. 4. Cell death is decreased in the anterior necrotic zone (ANZ) of Dorkings hindlimbs. (A–D) LysoTracker red staining of wild type (A and C) and Dorking (B and D) hindlimbs.
(E–H) Whole mount RNA in situ hybridizations using a riboprobe against Dkk1 in wild type (E and G) and Dorking (F and H) hindlimb buds. In A, B, E and F limbs shown are
ventral views. In C, D, G, and H limbs shown are views of the dorsal edge of the limb bud with the distal edge pointing towards the top of the panel.
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Polydactyly is a common congenital malformation with multiple
potential causes. Because human embryos are difﬁcult to obtain for
studies of the molecular origins of polydactyly, our knowledge of the
molecular etiology of polydactyly relies in part on experiments in
model systems. The ﬁrst recorded description of polydactyly in the
chicken model system was in Columella's Latin text “De Rei Rustica”
[translated to English in Columella (1941)]. Although they did not bear
the name in Roman times, the polydactylous chickens described in
Columella's text are thought to be Dorkings.Fig. 5. Inhibition of FGF but not hedgehog signaling rescues cell death in the anterior necrotic
to visualize cell death. To illustrate the domain of cell death in the anterior necrotic zone, wh
increased cell death in the anterior necrotic zone compared to either untreated (B) or mock H
dissolved in HBC resulted in an inability to rescue cell death in 83% (n=12) of limbs analyz
LysoTracker Red to assay the amount of cell death present in the ANZ. Wild type limbs (E) ha
mock PBS treated (G) Dorking hindlimbs. After implantation of an SU5402 soaked bead (H), c
of the beads used in the experiments are represented by white circles. All panels are viewsSince the Roman era, Reginald Punnett, among others, have been
interested in the genetics of Dorking polydactyly (Darwin, 1890;
Punnett and Pease, 1929). However, prior to the present study the
developmental basis of the extra digit in Dorkings has remained
uninvestigated. To better understand the potential origins of poly-
dactyly in vertebrates, we used modern genetic and molecular
approaches to investigate the signaling pathways responsible for
causing polydactyly in Dorking chickens. Our data indicate that the
ectopic preaxial digit found in the Dorking hindlimb initiates from
ectopic expression of Fgfs in the AER, which occurs independent of
anterior Shh expression.zone. (A–D) Cyclopamine treatment of Dorking hindlimbs followed by LysoTracker Red
ite boxes with identical dimensions were placed on the images. Wild type limbs (A) had
BC treated (C) Dorking hindlimbs. Treatment of Dorkings hindlimbs with Cyclopamine
ed (D). (E–H) SU5402 inhibition of Tyrosine Kinase receptors followed by staining with
d increased cell death in the anterior necrotic zone compared to either untreated (F) or
ell death was greatly increased in 56% (n=9) of limbs analyzed. In G and H the location
of the anterior edge of the hindlimb with the ventral surface facing left.
Table 2
Summary of variability of gene expression, vital dye staining.
Marker analyzed Stage analyzed Total number
of limbs analyzed
Percent of limbs
different from normal
Shh HH20–25 56 0.00%
HH26 10 70.00%a
Ptc1 HH21+ 10 0.00%
HH25 8 50.00%
Bmp2 HH26 8 25.00%
Fgf4 HH21 20 35.00%
HH25+ 12 83.33%b
LysoTracker HH25 12 83.33%b
Dkk1 HH24+ 10 80.00%b
a Similar to the percent of limbs with a digit II (70% [49 of 70 limbs]; Table 1).
b Similar to the percent of limbs with polydactyly (81.4% [57 of 70 limbs]; Table 1).
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in Dorkings
Through gene expression analysis, we found several differences in
Dorking hindlimbs when compared to wild type hindlimbs. Most
notable were the differences in Shh and Fgf expression during
hindlimb development. Ectopic Shh is known to be capable of
inducing ectopic Fgf4 (Laufer et al., 1994; Niswander et al., 1994).
Our data revealed that Fgf4 expression preceded Shh expression in the
Dorking hindlimb. In addition, Shh is required for the maintenance of
Fgf4 (Chiang et al., 2001). In Dorkings, treatment with cyclopamine
revealed that hedgehog signaling was not required for the main-
tenance of ectopic Fgf4 expression. These data suggest that Fgf4 and
possibly additional factors are ectopically expressed independent of
Shh in the anterior of the Dorking AER.
AER-Fgfs have been hypothesized to establish progenitor numbers
in the developing limb (Boulet et al., 2004; Sun et al., 2002). One
interesting problem with this hypothesis is that after total AER-Fgf
removal, autopodal skeletal elements are lost, however, cell death is in
a location too proximal to affect autopod progenitor number (Mariani
et al., 2008; Sato et al., 2007). Although the mechanism that causes
cell death in a proximal domain is unclear, it is known that changes in
Fgf signaling are capable of affecting autopod progenitors. For
example, partial removal of receptors required for Fgf signaling results
in distal cell death, which causes a loss of autopodal skeletal elements
(Verheyden et al., 2005). Clearly, the location of cell death after
changes in Fgf signaling is important for interpretation of the Dorking
phenotype. Based on fate mapping studies, the decrease in cell death
in the anterior necrotic zone observed in Dorkings occur in a region of
the limb where autopod progenitor cells are located (Vargesson et al.,
1997). We propose that changes in cell death present in Dorkings are
capable of altering autopod progenitor cell numbers, resulting in
reduced cell death and polydactyly.
In addition to a role for Fgfs in the inhibition of cell death, Fgfs
have been shown to act as a chemoattractant (Li and Muneoka, 1999).
It has been suggested that through migration of new cells towards the
AER, ectopic Fgf expression may result in preaxial polydactyly
(Tanaka et al., 2000). It is possible that in Dorkings, ectopic Fgf
expression attracts cells to the anterior of the developing limb. In
combination with a reduction in cell death, attraction of additional
cells could greatly increase the number of autopod progenitors in the
anterior of the Dorking hindlimb resulting in polydactyly.
In this work, we have demonstrated that inhibiting Fgf signaling in
Dorkings results in an increase in cell death. We hypothesize that
changes in Fgf signaling in Dorking hindlimbs causes an increase in
the number of autopod progenitors. Contrary to this hypothesis, over-
expression of AER-Fgfs in mice leads to postaxial polydactyly (Lu et al.,
2006), not the preaxial polydactyly found in Dorkings. We propose
that these differences may arise because mouse limb buds have a
necrotic zone, which appears later and more distally than the anteriornecrotic zone in chick limb buds (Fernandez-Teran et al., 2006). Such
differences in cell death between the mouse and chick limb buds may
be responsible for the differences in polydactyly observed upon over-
expression of Fgfs.
The role of Shh in Dorking polydactyly
Our data revealed a role for ectopic Fgfs in initiating Dorking
polydactyly. In addition to ectopic Fgf expression, ectopic Shhwas also
observed. Concentration and time of exposure to a source of SHH
protein determines identity of extra digits (Yang et al., 1997).
Additionally, the cells that compose a normal digit II in mice have
been shown to require response to SHH (Ahn and Joyner, 2004; Harfe
et al., 2004). In Dorkings, variable expression of Shh (see Table 2)
offers a potential explanation for the differences observed in digit
identity. Because the formation of a normal digit I is independent of
SHH (Chiang et al., 1996; Ros et al., 2003) and viral over-expression of
Fgf2 has been shown to result in the formation of extra digit I's (Riley
et al., 1993), we propose that in embryos, which ectopically express
Fgfs but not ectopic Shh, the limb ﬁeld is expanded. The increased
number of progenitors result in an extra digit I in the absence of Shh.
When anterior Shh is expressed in addition to ectopic Fgfs, an extra
digit II forms in Dorking hindlimbs.
Ideally, analysis of gene expression in an early limb bud and the
resulting skeletal pattern should be analyzed in the same limb. Since it
is not feasible to perform gene expression studies on living chick limb
buds, we have compared the percentage of embryos containing an
ectopic digit II and ectopic Shh expression to examine the role of Shh
in patterning ectopic digits in Dorkings. In both cases, 70% of the
analyzed embryos had either an ectopic digit II or ectopic Shh
expression in the anterior hindlimb (see Tables 1 and 2). In Dorkings,
10% of the analyzed skeletal preparations exhibited an ectopic digit I
instead of a digit II. In our analysis of Fgf4 expression, we observed 16%
more embryos with ectopic Fgf4 expression than embryos with
ectopic Shh expression.
While consistent with our hypothesis that formation of an ectopic
digit I forms in the absence of ectopic Shh in Dorkings, these data do
not rule out the possibility that low levels of Shh may be responsible
for polydactyly in Dorking hindlimbs. Additionally, high doses of
transient Shhmay be present in embryos where an ectopic digit I was
observed. However, inspection of 56 limbs revealed no Shh expression
between HH stages 20–25. Because we observed changes in cell death
prior to detection of Shh or Ptc1, we favor a model where extra digits
in Dorkings are initiated independent of anterior Shh expression. In
this model, ectopic Shh only plays a role in specifying digit II and not in
initiating polydactyly.
Potential genetic causes for Dorking polydactyly
The genetic lesion(s) responsible for formation of the ectopic
postaxial digit in Dorkings is unknown. Our data suggests that ectopic
digit formation in Dorkings is due to misexpression of Fgfs in the AER,
in particular anterior expansion of Fgf4 within the AER. The DNA
elements responsible for Fgf4 expression have been identiﬁed in
mouse (Fraidenraich et al., 1998). By searching the recently completed
G. gallus genome, we identiﬁed a DNA region homologous to the
mouse Fgf4 enhancer. Within this DNA element, ten single nucleotide
polymorphisms were identiﬁed through comparison of the Dorking
sequence with wild type sequence derived from Red Jungle Fowl (C.B.
and B.D.H., unpublished results). We are currently investigating the
potential role of these SNPs in altering transcription factor binding to
the Fgf4 enhancer.
While it is possible that a mutation in the Dorking version of this
DNA element is responsible for ectopic Fgf4 expression our data favor
a model in which a mutation in a factor upstream of Fgf expression
produces the ectopic postaxial digit found in Dorkings. In part, our
140 C.M. Bouldin, B.D. Harfe / Developmental Biology 334 (2009) 133–141hypothesis is based on our ﬁndings that both Fgf8 and Sp8 in addition
to Fgf4 are ectopically expressed in the AER of Dorking hindlimb buds.
Since ectopic Fgf4 expression does not induce ectopic Fgf8 expression
(Lu et al., 2006), we propose that a mutation upstream of Fgf
expression is most likely responsible for the presence of an ectopic
postaxial digit in Dorkings.
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